Many physiological and pathological conditions are associated with a change in the crystalline lens transmittance. Estimates of lens opacification, however, generally rely on subjective rather than objective measures in clinical practice. The goal of our study was to develop an improved psychophysical heterochromatic flicker photometry technique combined with existing mathematical models to evaluate the spectral transmittance of the human ocular media noninvasively. Our results show that it is possible to accurately estimate ocular media density in vivo in humans. Potential applications of our approach include basic research and clinical settings on visual and nonimage-forming visual systems.
INTRODUCTION
Many cellular and physiological processes in the eye follow a gradual decline during healthy aging. Although these processes are distinct from alterations resulting from ocular diseases in the aged, the resulting changes in vision may be similar, albeit smaller. Lens yellowing is one of these phenomena and gradually leads to cataracts [1] , the most documented cause of blindness in developed countries. The relationship between healthy aging and ocular lens density has been studied by several groups [2] [3] [4] [5] [6] . These studies show a reduced transmission (increased density) of the crystalline lens, especially for short wavelength light. This decrease is even more pronounced in individuals with cataracts [4] . Psychophysical methods are easy to implement in both clinical and experimental settings. Recently Dillon et al. [7] and Broendsted et al. [8] demonstrated a significant correlation between a donor lens ex vivo technique and a noninvasive in vivo technique for assessing the human crystalline ocular media density.
In our study, we evaluated an improved inexpensive scotopic heterochromatic flicker photometry (HFP) technique that we designed and implemented to assess age-related changes in ocular media density. Spectral attenuation of the ocular media was approximated by fitting the obtained absorbance difference with the age-dependent human ocular media model of van de Kraats and van Norren [9] . The full spectral attenuation template allowed us to estimate photoreceptor-specific attenuation for a given subject. The HFP was compared to a previously described psychophysical technique of absolute threshold detection in the same subjects [2] .
MATERIALS AND METHODS
Ocular media density in volunteer subjects was assessed using an improved light emitting diode (LED) driven HFP system developed at our institute (INSERM U846, Bron, France)
A. Principle of Ocular Media Transmission Measurement
Except for the crystalline lens and the macular pigment, the transmittance of the ocular media has been shown to be wavelength neutral and to show very little change in spectral transmittance with age [9] . Since the macular pigment has an effect mainly on the cones in the macula, a psychophysical procedure testing peripheral vision provides a good estimate of the ocular media density, without involvement of absorption by the macular pigment [4] , and in an area of the retina that is rich in rods. The action spectrum of rhodopsin is genetically determined, stable with age, and well known [10] . When measuring aphakic individuals [11] , the scotopic spectral sensitivity curve is highly similar to the relative absorption curve based on the extinction spectrum of rhodopsin [12] . Therefore, based on a nomogram [13] for rhodopsin sensitivity (λ max 495 nm; data from [14] refitted with [13] , β-band included, and axial density d Rh of 0.40 OD [15] ), pairs of wavelengths with equal absolute threshold were chosen (L1 and L2). Without any filtering by the ocular lens in vivo, the scotopic thresholds for L1 and L2 are obtained at the same irradiance (I1 I2). A different threshold is obtained (I1 ≠ I2) when a spectral filtering of the light spectrum occurs due to the yellowing of the crystalline lens.
B. Subjects
Fifteen healthy adults participated in this study (seven males and eight females). Subjects were screened for medical health including medical history, physical exam, and ophthalmological exam. Subjects had normal color vision, visual field, and intraocular pressure, and did not have signs of ocular diseases. Subjects were grouped by age: five young (26.7 4.5 years old), five middle aged (47.6 4.0 years old), and five elderly (65.6 4.7 years old).
The protocol was approved by the National Ethical Committee and all subjects gave written informed consent. Procedures were in compliance with the institutional guidelines and the Declaration of Helsinki. All experiments were performed between 9:00 and 19:00 and were conducted between January and July 2011.
C. Apparatus
The apparatus consisted of a test screen against a black background in front of a chin rest and a two-way joystick with a manual validation button (Fig. 1) . The system was placed in a totally light-obscured black-painted room. A 3°wide annulus was implemented using LEDs that projected on a diffuser placed in front of the subject at a 15°to 18°eccentricity from visual (foveal) fixation. Foveal fixation to maintain gaze stability was provided by a dim red LED light (centered ≈10 0 red fixation light, λ peak 650 nm, luminance of 7 to 10 cd∕m −2 ). The two LEDs used to produce the annular light stimulus had wavelength peaks at 405 nm (LedEngin, Inc., UV LED, LZ1-10UA00, 700 mA) and 530 nm (Philips Lumileds Luxeon III LED, LXHL-LM3C, 1000 mA). The LEDs were attached to heat sinks (Aavid Thermalloy, part No. 601403b06000) with a thermal adhesive (Aavid Thermalloy, Ther-O-Bond 1500) to ensure sufficient heat dissipation from the LEDs.
Light emitted by these LEDs was collimated (Ledil LE1-RS Lens, 4°angle for 405 nm LED, and L2 3°Spot for the 530 nm LED) and filtered respectively by a 410 nm monochromatic filter (BFI Optilas IF 410 0.4 nm, FWHM 3 0.4 nm) and a 560 nm monochromatic filter (BFI Optilas IF 560 0.4 nm, FWHM 3 0.4 nm). The resulting chromaticity (CIE xy) for 410 nm light was x 0.18, y 0.03, and for the 560 nm light was x 0.41, y 0.58.
Light intensity was attenuated to scotopic levels (10 −2 to 10 −6 cd∕m −2 ) by neutral density (ND) filters ranging from ND2.5 to ND5.0 (Omega Optical). ND filters used were dependent on individual scotopic thresholds. In practice, ND4.0 and ND4.5 were used for the 410 nm light and for the 560 nm light, respectively, for the young and middle-aged subjects, and ND3.0 and ND3.5 were used for the 560 nm light and for the 410 nm light, respectively, for the elderly subjects. The dynamic range of ≈2 log units of the light intensity was sufficient to take into account the individual variability among the age groups.
LEDs were driven by constant current LED drivers (XP Power LDU0830S350, 350 mA) and the intensity was controlled using a pulsewidth modulation (PWM) signal at a frequency of 400 Hz controlled by a data acquisition card (DAQ, National Instruments USB-6210). The software front-end was developed by the authors using LabVIEW development environment. The output current (350 mA) of the LED drivers was chosen to be lower than the nominal current of the LEDs to avoid reduction of light output and shift in the spectral peak emission with heating of the LEDs even with the heatsinks [16] .
Light intensity was directly controlled by the subject, using the joystick. In order to increase or decrease light intensity, the subject pushed the joystick lever up or down. The joystick also had a validation button to acquire the subject's responses. Irradiance levels were monitored using a radiometer (International Light IL 1700) and a luminancemeter (Minolta LS-110). The spectral emission characteristics of the system were measured using a spectrophotometer (Ocean Optics USB4000). Data were analyzed using a custom-written MATLAB program (MathWorks).
The homogeneity of the light distribution in the visual field was quantified using the Photolux system [17] . The system consists of a Nikon 5000 digital camera with a fisheye lens and Photolux software developed in École Nationale des Travaux Publics de l'État (ENTPE) in Lyon, France. The observed homogeneity of the annulus was very good due to the use of multiple diffusing sheets (Fig. 2) 
D. Methods
After instructions and protocol description, each participant was maintained in darkness for 45 min to ensure full dark adaptation (DA). This duration of DA allows 99.9% of the rhodopsin photopigment to be regenerated and responsive to light [18] . After the DA period, the participant underwent a training phase to learn how to operate the experimental setup.
The subject was instructed to adjust the intensity of a flickering annular light stimulus using a one-axis (up∕ or down∕−) joystick, and to confirm his/her scotopic threshold intensity by pressing a button upon light detection. The annulus was displayed in the participant's peripheral visual field in a free/Newtonian view (3°wide, 15°-18°visual eccentricity). Results from free-view paradigms have been shown to correlate with results obtained with Maxwellian view [6] , allowing simplification of an optical setup developed for macular pigment measurement [19] . Subjects gaze fixation was aided by the small dim red fixation LED light. Zagers and van Norren [20] suggested that the variability in their intrasession macular pigment density resulted from fixation errors, with the less experienced subjects showing greater variability. Some of our subjects reported difficulties in fixating, and were instructed to briefly close their eyes for a few seconds, or blink repeatedly. An additional reason for allowing eye closure and blinking was to minimize the so-called Troxler's effect, a fading of the peripherally viewed stimulus that sometimes renders the extrafoveal flicker match difficult. All measures during the training period were conducted with the participant's nonpreferred eye, the preferred eye being occluded with an eye patch. On average, total measurement time including DA and instructions was about 90 min.
Absolute Scotopic Threshold Detection
Based on the principle described above, the absolute threshold technique provides an estimate of the ocular media density by directly comparing absolute scotopic thresholds to the rhodopsin absorption curve [2] . Such a comparison yields in vivo spectral density curves that generally agree with ex vivo curves suggesting the validity of this technique [11] . As stated by Wooten et al. [6] , this technique is considered to be valid, as the response is rod-driven and relies on a univariant template, and provides in vivo spectral density curves that are usually in agreement with ex vivo curves.
While fixating a centered red dot with the preferred eye, the subject controls the annulus light intensity until the flickering annulus is detected in the peripheral visual field. The flicker frequency was chosen to be 2 Hz (500 ms of light, 500 ms of dark) based on a pilot study conducted in our laboratory and published temporal summation characteristics for scotopic vision [21] . The procedure was repeated five times with 410 nm light and five times with 560 nm light (Fig. 3) . Under scotopic conditions both lights were perceived as gray (uncolored). Each trial yielded an estimate of the difference of quantal light intensities expressed as ΔI I ph;410 nm − I ph;560 nm (both I ph;410 nm and I ph;560 nm being in log units), which was used for calculation of the ocular media density index (see Section 2). The possible diurnal variation of absolute threshold [22] has no influence on our results, as the variation has a symmetric effect for both test lights as the underlying spectral sensitivity is univariant.
Critical Fusion Frequency Detection
The aim of this step was to detect the subject's flicker sensitivity, also known as the critical fusion frequency (CFF [23] ), in scotopic conditions optimizing the flicker frequency for subsequent tasks (see Section 2). The CFF is defined as the frequency for which intermittent light stimuli appears steady for the observer [24] . The initial goal of the CFF measurement was to use the obtained CFF for determination of an optimized individual flicker frequency as done when assessing macular pigment density with the heterochromatic flicker photometric (HFP) technique [25, 26] .
The CFF thresholds were obtained with the same optical design as in the above described absolute threshold method. Only the 560 nm reference light was used in this condition with a square-wave modulation at the maximal modulation depth (light was on half of the cycle period, and off the other half of the cycle). The intensity of the 560 nm light was set at one log unit above the individual absolute threshold, and its flicker frequency (range of 0.2-60 Hz) was controlled by the subject using the joystick (method of adjustment).
Subjects were instructed two approaches ( Fig. 3 ): (1) start the flickering of the annulus by decreasing its flicker frequency [17] . The observed high homogeneity of the annulus is due to the use of multiple diffusing sheets. Fig. 3 . (Color online) Ocular media density measurement protocol. After 45 min of DA, subjects performed a threshold detection training phase with the nonpreferred eye ('nondominating', left for majority of the subjects) and were instructed to increase the light intensity of the 560 nm light until the detection of the annulus was flickering. Training was followed by a threshold detection procedure for 560 and 410 nm lights with the preferred eye. In a second step subject had to detect their CFF by increasing (ascending) or decreasing (descending) annulus flickering frequency. In the last step of the protocol (flicker fusion) the subject had to abolish or minimize their perception of flickering by adjusting intensity of a 410 nm light either by increasing it (UP) or decreasing it (DOWN). Flicker fusion was made using both eyes, starting with the nonpreferred eye.
(descending condition), and (2) stop the flickering of the annulus by increasing its flicker frequency (ascending condition). Both the ascending and the descending conditions were repeated five times. The CFF threshold was considered to be the frequency for which the subject detected the annulus flickering while decreasing its frequency (mean of all trials). The latter option of decreasing the frequency was shown to be less affected by flicker adaptation, lowering the CFF of the subject with increased exposure to flickering light [27] . CFF has been shown to have high test-retest reliability [28] ; thus the obtained CFF can be considered a reliable estimate for our purposes.
Heterochromatic Flicker Photometry
Ocular media density was assessed using the HFP technique [29] , in which the subjects were instructed to minimize or eliminate the perception of flicker by adjusting the light intensity of the test light (410 nm light) while the reference (560 nm light) was kept constant. The HFP technique has been validated for macular pigment (MP) measuring the entire spectral absorption curve, which closely matched the ex vivo measurement of the MP absorption spectrum [30] .
The 410 nm (test light) and the 560 nm (reference light) lights were square wave-modulated in counter-phase with a frequency of 2 Hz (500 ms of test, 500 ms of reference, as used by [6] ), which was found to provide reliable results from all subjects. Barbur et al. [31] observed that subjects with a low CFF have a wide flicker nulling range, while subjects with high CFF may not be able to null the perception of flicker completely, particularly when the fixation instability is large. The nulling range is defined as the difference between flicker null intensity while approaching the flicker null zone with increasing intensity and with decreasing intensity.
The 560 nm light was set one log unit above each participant's threshold (determined previously), and the subject had to adjust the light intensity of the 410 nm light in order to stop the perceived flickering of the annulus. Since both lights are still seen as gray (uncolored) under these scotopic conditions complete fusion of the two flickering stimuli can only be achieved when both lights are perceived to be of equal intensity. At this point the difference between the intensities of two wavelengths provides an index of the ocular media density. The subject was instructed to perform the adjustment by first increasing the 410 nm light intensity, and then decreasing the light intensity. The fusion point was calculated as the mean of these two measures (end points of nulling range) as done previously by Barbur et al. [31] . Both eyes were tested individually and five trials were obtained for each condition and each eye. The ocular media density was calculated as with the absolute scotopic threshold detection (see Section 2) .
Criterion measures obtained with the method of adjustment are subject to observer biases, which might be controlled using, for example, signal detection measures. Such approaches, however, are much more time consuming. Given that performance is mediated by the quantum catch rate for a single photopigment, we assume the results to obey univariance and we expect that any biases would be independent of wavelength. The lens density estimates, however, are based on the ratio of values at two different wavelengths. Thus, multiplicative (but not necessarily additive) biases would tend to cancel. In addition, for the flicker measures, the use of a bracketing procedure and the choice of temporal frequency to minimize the extent of the flicker-free null zone would also tend to minimize bias.
Ocular Media Density Index Calculation
The ocular media density index was calculated from the obtained detection difference of the scotopic threshold condition (Section 2) and the flicker null of the HFP condition (Section 2) ΔI I ph;410 nm − I ph;560 nm based on the formulation of van Norren and Vos [2] . The average ocular media density difference D stdDiff between the used spectral power distributions of the experimental lights (photon densities
Now the obtained D stdDiff is the same as the "scaling factor" used in [2] , and for our choice of experimental lights the D stdDiff was ≈0.775 log units. This approach of integrating the "effective ocular media density" over the full light spectrum (from 380 to 780 nm) avoids the cumbersome use of tabulated values of van Norren and Vos [2] that are only valid for monochromatic lights, in practice being of a relevance with unfiltered LEDs as pointed out by Wooten et al. [6] .
The ocular media density index D ocularMedia for each subject is calculated by subtracting the ΔI from the obtained D stdDiff :
The ocular media density index D ocularMedia now represents the difference in ocular media density between the model "standard observer" and the subject tested, and thus can be negative if the subject has a very low ocular media density or due to calibration offsets in the system. The D ocularMedia is the ideal ocular media density assuming that our two short L 1 λ and long L 2 λ wavelength test lights equally stimulated rhodopsin and the spectral transmittance of the measurement system was spectrally neutral. However, this was not the case and the following corrections have to be made for the D ocularMedia .
First, our method is sensitive to the correct parameters chosen for the rhodopsin peak wavelength λ max , the peak density d Rh , and the nomogram model for rhodopsin Sλ, as pointed out by van de Kraats and van Norren [9] in regard to the previously published method from the same authors [2] . In practice the experimental lights do not have to stimulate equally rhodopsin if the stimulation difference ΔR between the used experimental lights is exactly known and expressed as follows:
In the paper by van Norren and Vos [2] , peak wavelength λ max was chosen to be 493 nm [32] , and the peak density d Rh of 0.20 [33] while using the Dartnall template [34] . We chose slightly different values based on recent literature with a peak wavelength λ max estimate of 495 nm by refitting the points given by Kraft et al. [14] with the nomogram provided by Govardovskii et al. [13] . The self-screening [35] [15] as follows:
where Sλ ss is the spectral sensitivity for rhodopsin, corrected for the self-screening effect. The length of the human rod outer segment is 25 μm [36] ; thus the correction for spectral absorbance change as a function of outer segment length was found to be insignificant with human rhodopsin [37] . With our parameter values the 410 nm light stimulated 0.08 log units more of the rhodopsin than the used 560 nm light, whereas with the parameter values of van Norren and Vos [2] , our 410 nm light would have stimulated 0.19 log units more of the rhodopsin than the 560 nm light. The self-screening effect of rhodopsin peak density d rh had a negligible effect on rhodopsin stimulation; decreasing d rh from 0.40 to 0.20 caused a simulated increase of 0.004 log units in rhodopsin stimulation at λ max ≈ 495 nm. The results of these calculations are shown in Fig. 4 . The insensitivity of our method to pigment density d rh is beneficial as there is a possibility that the rhodopsin pigment density changes with age [38] , while some reports have found rhodopsin photopigment density to vary little with age [39] .
Additionally, the apparatus with its diffusing sheets differentially filtered short-wavelength light especially due to Rayleigh scattering causing blue light to scatter more and to be attenuated significantly in the optical path of the apparatus [40] . The apparatus was measured to attenuate our 410 nm test light 0.60 log units more than the 560 nm test light.
Estimation of Spectral Attenuation from Ocular Media Density Index
The human ocular media model D media λ defines the human ocular media in general form as a sum of five spectral components and a spectrally neutral offset:
where M i are the templates (M for media) describing the spectral shape of each component and d i are age-dependent scalar weights, i.e., the density coefficients. The subscripts RL, TP, LY, LOUV, and LO are Rayleigh loss, tryptophan, lens young, lens old UV, and lens old, respectively. The templates M TP and M RL represent the light losses in the ocular media as a whole; the former is based on tryptophan absorption occurring heavily below 310 nm [41] and extending to short wavelength light, and the latter for Rayleigh scatter [13] includes the β-band; thus the short-wavelength lobe is elevated. The lights are normalized to have the same total photon density; thus the green 560 nm has a lower peak value.
arising from light interaction with submicroscopic density fluctuations in the ocular media including the aqueous and vitreous humors [42] , and cornea [43, 44] . Without the Rayleigh scatter, the humors and the cornea can be considered to be spectrally neutral absorbers as they consist mainly of water [45] . The aqueous component in the eye starts to absorb beyond 700 nm and the transmittance can be modeled then using the tabulated water absorption up to 2500 nm [46] .
The three lens templates (LY, LOUV, and LO) are based on the absorbance characteristics of kynurenine derivatives [47] in the human eye, dominating absorbers being the the 3-hydroxy-kynurenine glucoside (3HKG) with contributions from kynurenine and 3-hydroxy-kynurenine. With aging, the lens proteins undergo changes in structure or in binding of kynurenine products [48] ; for example, the total amount of 3HKG is reduced to about 30% at the age of 50 compared to the young lens [47] . The three lens templates and the tryptophan template can be described with a single Gaussian:
where norm is the normalization factor for the template to normalize the template to unity at 300 nm, w is the width factor (in nm −1 ) describing the "narrowness" of the spectral template analogous to the definition of half-bandwidth in Gaussian light sources, and the λ is the wavelength vector and the λ peak is a scalar wavelength describing the maximum absorption of the spectral template. The Rayleigh scatter component M RL is described as a monotonically decreasing function with wavelength, typical for Rayleigh scatter:
The age relationship for d i was found by the authors [9] best described by a quadratic age relationship rather than by a linear one:
with d i;0 the density at age 0 (the intercept), α i the aging in years −2 (quadratic slope), and age in years. The human ocular media model D media λ can be expressed in its final form [Eq. (9)] with all the numerical values derived by van de Kraats and van Norren [9] , combining the Gaussian expression [Eq. (6) 
Strictly speaking, the individual spectral templates could vary independently in relation to each other, and with our two-wavelength approach it may not possible to capture the individual spectral variations.
The ocular media density index was calculated by fitting the ocular media model of van de Kraats and van Norren [9] to the measured density difference between the measured wavelengths (410 and 560 nm). The difference was converted to two data points by arbitrarily fixing the 560 nm to arbitrary density of zero and the data point 410 nm below the measured lens density, with only the age as a free parameter in the numerical optimization (Matlab function fmincon, from Optimization Toolbox) in the model [Eq. (9)] resulting in a "virtual age" estimate for each subject. This virtual age is conceptually similar to the virtual age used by van Norren and van de Kraats [49] to estimate the spectral behavior of intraocular lenses in regard to their photoreception and the photoprotection characteristics. Virtual age of the lens allowed us to estimate the full spectral attenuation profile of the ocular media.
RESULTS

A. Fusion versus Threshold Method
The ocular media density index, when plotted as a function of squared age (age 2 as done in [9] ), shows an increasing trend with age in both the HFP condition (Fig. 5A ) and the absolute scotopic threshold condition (Fig. 5B) . However, the HFP measure exhibits a stronger correlation with age (R [9] setting the age to 25 years old, corresponding to the use of "scaling factor" [2] .
Results in 15 subjects (five young, five middle aged, and five old) show a significant effect of age group on ocular media density index (ANOVA, F2; 12 26.5, p < 0.0001). Post hoc analysis showed a significant difference between the young and the elderly groups (Student Newman-Keuls, p < 0.001), and between the middle-aged and the elderly groups (Student Newman-Keuls, p < 0.001). Although there was an increase in ocular media density between the young and the middle-aged groups, this difference was not statistically significant (p < 0.1). Interindividual variability increased with age (group mean SD: young (0.009 0.067), middleaged (0.167 0.049), elderly (0.619 0.22) group.
B. Spectral Transmittance Profiles
Employing the obtained ocular media density values with the ocular media model by van de Kraats and van Norren [9] (calculations outlined in Section 2) yielded diminished transmittance over the entire visible spectrum in the old-age group compared to the young and the middle-aged groups (shown in Fig. 6 ). The filtering of the ocular media is particularly pronounced in the short wavelength range (<500 nm) C. CFF No age-dependent effect was found for CFF threshold. The results are in accordance with the three-phase age dependence of temporal contrast sensitivity (TCS, i.e., flicker sensitivity), TCS increasing up to an age of ≈16 years, then remaining relatively constant until 60 years followed by a decline after 60 years [50, 51] .
We found no systematic association between nulling range and CFF. For one subject, the dynamic range of our light setup was insufficient for the descending HFP condition, so that this subject was unable to detect any flicker at the highest 410 nm light intensity and flicker frequency of 2 Hz, although with a flicker frequency of 5 Hz the detection was possible.
DISCUSSION
Our results confirm that short-wavelength light absorption by the ocular media increases with age [3, 9, 52] . The obtained difference of 0.61 between the D lens of the young and the old age groups is in accordance with previous studies [53, 54] . Similarly, the aging trend, a i , (year −2 ) of 0.000155 we obtained using the HFP technique is similar to those obtained by psychophysical methods [9] , but higher than a i obtained for donor lenses, as noted already by van de Kraats and van Norren [9] . The full spectrum approximation of transmittance depends on the quality of the ocular media model of van de Kraats and van Norren [9] . A recent study by Gimenez et al. [55] used objective reflectometric techniques to measure ocular media density, and showed a close correspondence with the prediction of the human ocular model of van de Kraats and van Norren [9] , confirming its validity.
The relatively high inter-individual variability in the ocular media density that we found in this study, especially in the old age group, confirms previous results [4] . This finding supports the notion that in many cases the use of average values of ocular media density for a given age are not indicative of an individual crystalline lens density. While mathematical models have been produced to predict the expected changes in the absorption characteristics of the aging lens [3, 9, 20] , they cannot reflect the individual variability occurring with real observers, and they cannot accurately predict lens density from age for a given individual. This is in contrast with the typical preretinal absorbance corrections applied using a standardized ocular media density template (e.g., [56] ), for example, in studies on perceptual [57] and non-image-forming (NIF) visual system [58] .
Strictly speaking, the current psychophysical HFP method cannot distinguish the crystalline lens component from the other ocular absorbers, and the obtained result is an estimate of the whole eye absorption difference between the 410 and the 560 nm light. By choosing a peripheral retinal location of the light stimulus (3°wide annulus at retinal eccentricities between 15°to 18°), the contribution of the macular pigment was avoided [59] . Even considering the noted variability in the peak density of the macular pigment, the rate of spatial decrease of the macular pigment amongst individuals [60] , and the possible spread of the macular pigment toward the periphery of retina with age [61] , the chosen retinal eccentricity can be assumed to be free from macular pigment intrusion. The cornea and the aqueous and the vitreous humors were implicitly incorporated to the human ocular media model of van de Kraats and van Norren [9] , and their contribution to the obtained ocular media density results cannot be distinguished. In previous reports, however, the optical density contribution of the cornea [43, 62] and the humors [43] were found not be effected by aging, making their contribution to the obtained ocular media density estimate constant with age. Fig. 6 . (Color online) Relative spectral transmittance of the three age groups as derived using the virtual age with the model of [9] : young group (top, red curve), middle-aged group (middle, blue curve), and elderly group (bottom, green curve). Young, age virtual 23.38 −7.6 5.0 ; middle, age virtual 40.32 −3.8 3.6 ; elderly, age virtual 88.81 −1.8 2.1 . Additionally, marked differences in the aging factor [d RL age, Eq. (5)] of the scatter component [M RL λ in Eq. (7)] between psychophysical data and the donor lenses had been noticed by van de Kraats and van Norren [9] . This difference, if real, was attributed to either the existence of an additional scatter source at the retinal level and/or compensation for scatter in the donor lens measurements. This reported difference was already in contrast with the absence of aging of d RL age with the reflection-based measurements most likely being caused by relative large detector angles used in those type of measurements [9] . Thus, one could argue that our psychophysical estimates can overestimate the age-related increase of ocular media density.
In a study of Van Loo and Enoch [63] , a wavelengthdependent directionality was found for the human rods in a Maxwellian view setup. The extreme directionality difference at 3.5 mm displacement from the center of the pupil was found to be 0.17 log units between the used monochromatic 433 nm light and the broadband light with wavelengths below 433 nm being filtered out. The directionally difference was found to be negligible up to 1.5 mm displacement from the center, and combining this with our approach to use the free-view optical setup, the directionality for the used wavelengths can be assumed to be nonexistent.
The crystalline lens has been shown to fluoresce in response to light mainly at two spectral bands, the blue fluorescence and the green fluorescence [64] . Excitation of the lens at 413 nm causes a fluorescence emission with a peak at ≈480 nm [65] . Fluorescence may be assumed to add a uniform component to the retinal point spread function degrading visual performance by adding a "veiling glare" on top of the retinal image [66] . Weale [67] estimated the reciprocal ratio between the luminance of a patch of sky and the fluorescence it induces to be ≈0.002 for the normal lens of a 30-year-old human, increasing to 0.017 for a 60 year old, and to 0.121 for an 80 year old, the two latter ones starting to be visually noticeable. The intensity of fluorescence increases roughly linearly with age [64] , and with fluorophores emerging that emit at even longer wavelengths [68, 69] . The upper wavelength limit for the excitation is around 650 nm for older lenses [69] . The absorbance of fluorescence by the ocular media itself has been also used to quantify the lens absorption [8, 70] .
As the induced fluorescence outlasts the duration of the exciting stimulus (500 ms in our setup), it can be assumed that in our psychophysical paradigm there is an added "visual stimulus" both during the 410 nm light and decaying fluorescence during the 560 nm light. The exact "glare luminance" depends on the photon densities at a given time. Van den Berg [71] estimated quantal sensitivity of the blue fluorescence (induced, for example, by our 410 nm light) to be between 0.004 and 0.025 fluorescent quanta per exciting quantum. The putative visual impairment is qualitatively similar to the "flash blindness" phenomenon [72] as referred in Zuclich et al. [65] . Lens fluorescence causes a prolonged glare/visual impairment, for example, from the blue-enriched headlights of passing cars in nighttime driving conditions [73] .
In theory, the transmural transmittance of the ocular wall and iris transmittance could have contributed to our results by attenuating the test light at 410 nm more than the 560 nm reference light; however, the attenuation values found in the literature were in order of 2 log units for white light, even for light-eyed subjects [74] . These estimated iris transmittance values combined with the dark-adapted pupil in our scotopic condition, leading to a smaller iris area, and the effect of iris transmittance in our ocular media density values can be assumed to be insignificant.
There has been some evidence of other sources of yellowing of the ocular media existing in the human eye. Geeraets et al. [75] found short-wavelength absorption in the human neurosensory retina (outside the macula), while at that time it was considered to be a postmortem artifact. The report of Snodderly et al. [76] suggest the existence of two additional yellow pigments with absorbance maxima at 410 and 435 nm, located in the outer nuclear layer or the inner segment layer of retinal tissue both inside and outside the anatomic fovea. Furthermore, Bowmaker et al. [77] reported another yellow ocular pigment, located in the inner segments of both rods and cones of old-world monkeys with a peak absorbance at 420 nm. Any or all of these yellow pigments could contribute to the filtering of the light before reaching the rods in our scotopic measurement conditions. Additionally, photoreversal of rhodopsin bleaching [78, 79] and putative retina G proteincoupled receptor mediated rhodopsin regeneration [80, 81] can influence our measures, but their significance to our measurements was estimated to be minor.
The HFP technique has been widely used to measure OD of the macular pigment. To our knowledge, only three studies have utilized HFP to measure ocular lens density [6, 31, 82] outside the macular pigment. Compared to these studies, we believe our approach is an improved technique to assess optical lens density for the following reasons: (1) Our proposed methodology to measure lens density is based on a simple and inexpensive LED-based apparatus and HFP procedure that can easily be implemented in other laboratories, as demonstrated recently also for measuring macular pigment density [83] . (2) Our HFP approach reduces interindividual and intraindividual variability. Compared to Wooten et al. [6] , who obtained an SD of 0.22 log OD for his group of 30 subjects aged 24 7 yrs, we obtained an SD of 0.06 log OD for the same age range (n 5) in this study, and of 0.08 log OD in another study (n 19, published elsewhere). (3) Compared to the classical threshold detection technique, our results show that the HFP technique significantly reduces intraindividual variability (average SD HFP 0.039, average threshold SD 0.077). The intra-individual trial variability is significantly reduced when using the HFP method (t-test, p 0.003). (4) Our protocol makes use of a bracketing procedure to assess flicker fusion (nulling range). Such a procedure ought to minimize biases due to different stimulus detection approaches (which could occur, for example, in the elderly who are known to follow a more conservative psychophysical approach [84] . (5) The two wavelengths we selected in our HFP procedure (410 and 560 nm) are believed to yield the exact same scotopic sensitivity [2, 4] . The most recent template for photopigments sensitivity [13] , however, shows minor differences in sensitivities between 410 and 560 nm (Fig. 4) . Therefore, we took into account this difference to correct the ocular density index, and we used the most recent template to approximate spectral lens transmittance from the ocular media density index [9] .
In conclusion, our psychophysical method is able to provide a precise, yet relatively inexpensive estimate of the ocular media density, which is a clear improvement compared to the approach of using standardized ocular media templates. Such estimates are of major relevance in studies regarding photoreception where estimation of retinal spectral irradiance is essential. We are currently optimizing our procedure by reducing the DA time with the intention to eliminate it entirely in order to make this technique more practical, both for the subject and for the experimenter in research and clinical settings.
For further improvement of the spectral resolution of the approximation of the ocular media transmittance, additional test wavelengths could be employed, for example, at the wavelength region of 480 nm corresponding to the peak spectral sensitivity of melanopsin [85] and for several NIF responses [86, 87] . In that case two distinct heterochromatic flicker pairs (410 nm versus 560 nm, and 480 nm versus 560 nm) would need to be done for each subject. This would result in three points for the curve-fitting algorithm (Section 2), thus improving the accuracy of the full spectral attenuation estimate.
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